Abstract: At present, anthropogenic nitrogen deposition has dramatically increased worldwide and has shown negative impacts on temperate/boreal forest ecosystems. However, it remains unclear how an elevated N load affects plant growth in the relatively N-rich subtropical forests of Southern China. To address this question, a study was conducted in a six-year-old Cupressus lusitanica Mill. plantation at the Scientific Research and Teaching Base of Nanjing Forestry University, with N addition levels of N0 (0 kg ha −1 year −1 ), N1 (24 kg ha −1 year −1 ), N2 (48 kg ha −1 year −1 ), N3 (72 kg ha −1 year −1 ), N4 (96 kg ha −1 year −1 ), and N5 (120 kg ha −1 year −1 ). Leaf physiological traits associated with foliar nutrient status, photosynthetic capacity, pigment, and N metabolites were measured. The results showed that (1) N addition led to significant effects on foliar N, but had no marked effects on K concentration. Furthermore, remarkable increases of leaf physiological traits including foliar P, Ca, Mg, and Mn concentration; photosynthetic capacity; pigment; and N metabolites were always observed under low and middle-N supply. (2) High N supply notably decreased foliar P, Ca, and Mg concentration, but increased foliar Mn content. Regarding the chlorophyll, photosynthetic capacity, and N metabolites, marked declines were also observed under high N inputs. (3) Redundancy analysis showed that the net photosynthesis rate was positively correlated with foliar N, P, Ca, Mg, and Mn concentration; the Mn/Mg ratio; and concentrations of chlorophyll and N metabolites, while the net photosynthesis rate was negatively correlated with foliar K concentration and N/P ratios. These findings suggest that excess N inputs can promote nutrient imbalances and inhibit the photosynthetic capacity of Cupressus lusitanica Mill., indicating that high N deposition could threaten plant growth in tropical forests in the future. Meanwhile, further study is merited to track the effects of high N deposition on the relationship between foliar Mn accumulation and photosynthesis in Cupressus lusitanica Mill.
Introduction
Accelerating industrialization and the excess use of nitrogen (N) fertilizer has caused a significant increase of reactive N (Nr) in deposition, both regionally and globally, since the beginning of the industrial revolution [1] [2] [3] . In the past few decades, China has become the world's largest creator and emitter of reactive nitrogen, followed by North America and Europe [4, 5] . In China, from 1910 to 2010, the reactive N from anthropogenic sources increased from 9.2 Tg N year −1 to 56 Tg N year −1 , and is predicted to be 63 Tg by the year 2050 [6, 7] . In addition, atmospheric N deposition in Southern China has been reported to range from 30 to 73 kg N ha −1 year −1 , which is comparable to the highest level It has a subtropical monsoon climate with a mean annual temperature of 15.5 • C, and a mean annual average precipitation value of 1037 mm. N dep was approximately 20-25 kg ha −1 year −1 in Jiangsu Province from the 1990s to 2000s [7] . In April 2016, the basic soil physicochemical properties of the sampling layer (0-20 cm) were as follows: the pH value was 5.77 ± 0.03, the soil bulk density was 1.44 ± 0.02 g cm −3 , the soil organic carbon concentration (SOC) was 1.52% ± 0.06%, the total nitrogen concentration (TN) was 0.13% ± 0.005%, and the soil available phosphorus concentration was 20.85 ± 0.012 mg kg −1 .
The site was hand planted following a 2.5 × 2.5 m spacing plan with two-year-old Cupressus lusitanica Mill. seedlings in March 2012. The trees came from the same variety (no statistical differences detected) in all plots prior to treatment imposition. Mean tree height measured in April 2016 was approximately 5.57 ± 0.94 m, and mean diameter at breast height (DBH) was approximately 4.97 ± 0.64 cm.
Experimental Design and Sample Collection
In this study, the dosage of six N addition levels was N0 (0 kg ha −1 year −1 ), N1 (24 kg ha −1 year −1 ), N2 (48 kg ha −1 year −1 ), N3 (72 kg ha −1 year −1 ), N4 (96 kg ha −1 year −1 ), and N5 (120 kg ha −1 year −1 ). All six treatments were arranged in a randomized block design with three replicates (20 × 20 m, 10 m buffer strip). Based on the growing character of Cupressus lusitanica Mill. conducted by Qin et al. (2016) [44] , Gu (2011) [45] , and Bao (2012) [46] , one year's amount of added nitrogen was divided into two portions: one portion (44%) in the early-growth season (early April) and the other portion (56%) in the fast-growing season (early August). This method was also adopted by many other researchers [47] [48] [49] . Urea was applied in early April 2016, early August 2018, early April 2017, and early August 2017. Urea was applied by weighing and dissolving in 20 L water via a backpack sprayer. Control plots received an equivalent volume of water.
The sampling time was in August 2017. Fresh foliar samples were collected from the 2017 first flush cohort growing on a 2016 first flush branch after the new foliage had elongated (June or July). Seven fully elongated fascicles were pruned from the mid-crown of the five random trees in each replicate per treatment plot and mixed as one composite sample. All foliar samples were placed on dry ice in the field to stop enzymatic activity, and stored at −20 • C until further analysis of the foliar soluble protein and free amino acid.
Photosynthesis Measurements
An Li-6400 photosynthetic instrument (Li-Cor Inc., Lincoln, NE, USA) was used to measure the net photosynthesis rate (Pn), stomatal conductance to water vapor (Gs), transpiration rate (Tr), and intercellular CO 2 concentration (Ci) in early August 2017. The measurements were made on sunny days at 08:30-11:30 am. During the photosynthetic characteristics measurements, the assimilation chamber temperature was maintained at 25 • C ± 1.4 • C, the relative humidity was 85% ± 9%, the cylinder supply CO 2 concentration was 400 µmol mol −1 , and the light intensity of the artificial light source was 1200 µmol m −2 s −1 . The photosynthetic characteristics measurements were conducted on mature healthy leaves of the fully-extended branches at a high position in the canopy.
Chlorophyll concentrations were analyzed using the methods of Wellburn (1994) : after pigment extraction with 80% acetone, absorbance of the solution was measured at 663 and 646 nm wavelengths (Shimadzu UV-1800, Kyoto, Japan) [50] .
Leaf Soluble Protein and Free Amino Acid Determination
Fresh leaves were homogenized in 50 mmol L −1 sodium phosphate buffer (pH 7.8) containing 2 mmol L −1 ethylenediaminetetraacetic acid (EDTA) and 80 mmol L −1 ascorbic acid. The homogenates were centrifuged at 15,000× g for 20 min at 4 • C, and the supernatant was used to analyze the leaf soluble protein according to Xu and Zhou (2006) [51] .
Free amino acid was extracted according to Barnett (1966) [52] , quantified based on an external standard, and measured with an amino acid auto analyzer (HITACHI 835-50, Tokyo, Japan).
Determination of Foliar Nutrient Status
The leaves were washed with deionized water, fixed for 30 min at 105 • C, dried to a constant weight at 70 • C, and finally crushed and passed through a 100-mesh sieve. Foliar N concentration was determined by an elemental analyzer (Vario Max, Elementar, Germany). A total of 0.5 g powder sample was digested with concentrated H 2 SO 4 -HClO 4 (Dong et al., 1996) , and the concentrations of foliar P, K, Ca, Mg, and Mn were measured via Atomic Emission Spectrometer (ICP-AES) (Perkin Elmer Optima 5300DV, Shelton, CT, USA).
Statistical Analysis
All results were reported as means ± standard errors (SE) for the three replicates. Statistical differences between values were determined by Duncan's multiple comparisons and one-way analysis of variance (ANOVA). Redundancy analysis (RDA) was applied to identify the relationship between leaf physiological traits and foliar nutrient status by using CANOCO software 5.0 (Microcomputer Power, Ithaca, NY, USA). Clustering analysis was used to classify the responses of leaf physiological traits to different N rates in two or three dimensions by using SPSS 20.0 (Statistical Graphics Crop, Princeton, NJ, USA).
Results

Effects of Different N Depositions on Foliar Nutrient Status
Compared to those without N input (N0), concentrations of foliar N and P were significantly increased in leaves receiving stimulated N deposition (p < 0.05). The highest N treatment (N5) resulted in a significant (p < 0.05) decline in foliar N and P concentrations compared to N4 treatment (Table 1) . Elevated N addition caused a decrease in foliar K concentration. Except for the foliar Ca concentration in the N5 treatment (0.52% when compared with 0.64% for the N0 treatment), the mean values of foliar Ca concentration were significantly higher in other N treatments than those in the control treatment. Except for the foliar Mg concentration in N4 and N5 treatments (0.14% and 0.13% when compared with 0.16% for the N0 treatment, respectively), the mean values of foliar Mg concentration were significantly higher in other N treatments than those in the control treatment. However, foliar Mn concentration notably increased along the gradient of N addition, despite the fact that needle concentrations of N, P, Ca, and Mg decreased in the N5 treatment ( Table 1) .
The foliar N/P ratio was always significantly or marginally significantly lower in the N treatments than in the N0 treatment. However, the foliar N/Mg and Mn/Mg ratios were increased by N addition, and the highest value of foliar N/Mg and Mn/Mg ratios appeared at the rate of N5 (Table 1) .
Responses of Leaf Photosynthetic Parameter and Pigment to Stimulated N Deposition
Compared to the N0 treatment, Pn, Gs, Tr, and Ci at 400 µmol mol −1 CO 2 were significantly increased in leaves receiving N additions from N1 to N4, reaching a maximum in N4 treatment ( Figure 1 ). However, Pn, Gs, Tr, and Ci were significantly lower in the N5 treatment than those in the N4 treatment. Except for the foliar chlorophyll b concentration in the N1 treatment (0.09 mg g −1 when compared with 0.12 mg g −1 for the control treatment), the mean values of foliar chlorophyll a and chlorophyll b concentrations were significantly or marginally significantly higher in other N treatments than in the N0 treatment (Table 2 ). Both chlorophyll a concentration and chlorophyll b concentration were significantly higher in the N4 treatment than in other N treatments. Consequently, a similar pattern was observed for the chlorophyll a + b concentration. Regarding the chlorophyll a/b ratio, the mean value was significantly lower in the N5 treatment than in the other N treatments (Table 2) . 
Effects of N Addition on Foliar Soluble Protein and Free Amino Acid
Soluble protein showed an increase in leaves receiving N additions from N1 to N3. It reached a maximum in N3 treatment (p < 0.05, vs. N0), and subsequently significantly declined in N4 and N5 treatments (p < 0.05, vs. N3). A similar pattern was observed for free amino acid (Figure 2) . The mean values of soluble protein in the N4 and N5 treatments were remarkably lower than in the control treatment (8.83 and 9.75 mg g −1 fresh weight (FW) when compared with 10.99 mg g −1 FW for the control treatment, respectively), while the mean values of free amino acid in the N4 and N5 treatments were notably higher than in the control treatment (2.69 and 2.46 mol g −1 FW when compared with 1.93 mol g −1 FW for the control treatment, respectively). 
Multivariate Analysis
Regarding the relationships between foliar nutrient status, N metabolites, and photosynthetic parameters, the redundancy analysis ordination biplot is shown in Figure 3 . In the RDA of foliar nutrient status and N metabolites with the photosynthetic parameters as the explanatory variables, Axis 1 accounted for 86.88% of the variation in the dataset, with 9.78% of the variation accounted for by Axis 2 (Figure 3 ). Foliar K concentration and foliar N/P ratio formed negative associations with the photosynthetic parameter (Pn, Gs, Tr, Ci). Foliar Mn/Mg ratio; needle concentrations of N, P, Ca, Mg, Mn; free amino acid; and chlorophyll were positively correlated with Pn, Gs, Tr, and Ci. Cluster analysis was used to classify the effects of N treatments on foliar physiological traits. Figure 5 has shown that the effects of N1 and N2 were similar, the effects of N0 and N5 were similar, and the effects of N3 and N4 were similar. In this study, the tree diagram was divided into two groups ( Figure 5 ). Group 1 consisted of N1 and N2 (low-N addition), and N0 and N5 (high-N addition) treatments, suggesting relatively low leaf physiological traits. These results also indicate the importance of the moderate N supply in the studied area. Group 2 contained the N3 and N4 treatments (middle-N addition). The mentioned N3 and N4 treatments seemed to result in better leaf physiological traits. 
Discussion
Responses of Foliar Elements and N Metabolites
This study was conducted to provide scientific information on the responses of Cupressus lusitanica Mill. leaf physiological traits to different levels of N addition in terms of foliar nutrient status, photosynthetic parameters and pigment, soluble protein, and free amino acid. The results showed that elevated N deposition led to significant increases in foliar N concentrations under low-and middle-N addition. This result was in line with the findings of Mao et al. (2018) [24] , where N addition significantly increased foliar N in N-rich subtropical forest ecosystems. Contrary to the increase in foliar N content under high N deposition shown in Mao et al. (2018) [24] , our results revealed that the foliar N concentration of Cupressus lusitanica Mill. showed a significant decrease at a high N deposition rate when compared to middle-N addition. The potential reasons for this could involve the following. Firstly, it has been suggested that foliar N is directly related to soil N supply [53] , which could be influenced by N-induced soil acidification [54] and decreasing litter decomposition [55] . In this study, the soil total N concentration was significantly lower in the N5 treatment than in the N4 treatment (0.17% ± 0.02% for the N5 treatment when compared with 0.22% ± 0.01% for the N4 treatment). Decreases in soil N availability in turn led to declines in foliar N concentration. Secondly, some studies have suggested that the dilution effects of needle element concentrations due to increases in needle mass are expected to decrease the N concentration [56, 57] .
This study further found that N enrichment had little effect on foliar K concentration, which was consistent with in-site fertilization experiments in Northwestern USA [58] . However, foliar P, Ca, and Mg concentration significantly decreased under high-level N deposition. In line with numerous reports [24, 59, 60] , these results indicate that excess N-induced soil acidification resulted in plant nutrient imbalance. In fact, after a two-year N supply, the average value of soil pH decreased from 5.7 to 4.5 in the N5 plot. Soil acidification caused by the nitrification of NH 4 + and subsequent NO 3 − leaching may trigger the leaching of base cations, exacerbating cation depletion. In addition, the decreased root uptake of K, Ca, and Mg may arise from ion competition with NH 4 + [57] . Significant increases in the N/Mg ratio resulting from high N deposition (Table 1) further supported nutrient imbalance. Declines in the concentrations of foliar K, Ca, and Mg concentration resulting from strong antagonism have been frequently reported in many tree species [57, 61, 62] . Our findings suggest that the N-induced soil base cation depletion could affect the nutrient supply to plants, which provides new insight into nutrient imbalance in tropical forests. In this study, concentrations of free amino acid and soluble protein showed increases under lowand medium-level N addition (Figure 2 ), indicating that short-term (two years) N addition may lead to increases of foliar N assimilation in N-rich subtropical forests. This result was further supported by other N deposition studies, where plants growing in N-rich ecosystems still had the capacity to assimilate external inorganic N inputs [24, 25, 63] . However, concentrations of free amino acid and soluble protein were significantly lower under high N addition than in middle-level N (Figure 2 ). This result is supported by numerous reports [24, 27, 52] , where photosynthesis, starch accumulation, and protein synthesis were all inhibited to some degree during high N deposition. To mitigate inorganic N toxicity, plants always regulate the N metabolism level by allocating substantial N to protein, chlorophyll, and/or amino acids [23, 27, 64] . Consequently, concentrations of free amino acid were significantly higher in the N5 treatment than in the control plot (Figure 2b) . However, concentrations of soluble protein were significantly lower in the N5 treatment than in the control plot (Figure 2a) . The loss in soluble protein may be due to the observed increases in free amino acid, which may act as a storage compound for both carbon and nitrogen during high N deposition.
Responses of Foliar Photosynthetic Capacity
This study further found that low-and middle-level N addition led to a significant increase in photosynthetic parameters (Figure 1 ). This could be attributed to the significant increases of leaf N.
Up to 75% of leaf nitrogen is found in the chloroplasts, and most of it is invested in ribulose bisphosphate carboxilase [65, 66] . Consequently, under the condition of high nitrogen availability, significant increases in chlorophyll content and Rubisco activity account for notably higher photosynthesis (Figure 1) . However, photosynthetic parameters were notably reduced under high N supply in the Cupressus lusitanica Mill. plantation (Figure 1) . These results were supported by the findings in N-limited temperate forests [34, 67, 68] , where an adequate N supply generally increased photosynthetic capacity, but net photosynthesis and growth were suppressed by excessive N addition. The reduction in photosynthetic efficiency may be due to the following three reasons.
First, a high N supply significantly decreased stomatal conductance and the transpiration rate (Figure 1b,c) , which generally limited CO 2 entry and net photosynthesis [33] . In this study, we observed that reductions of stomatal conductance and the transpiration rate occurred simultaneously with a decline in the net photosynthesis rate (Figure 1) . Furthermore, a significant reduction of stomatal conductance under high N deposition may lead to inhibition effects on the CO 2 photosynthetic assimilation capacity, which is positively related to the net photosynthesis rate [69] .
Second, concentrations of chlorophyll significantly decreased under high N deposition. Glutamate is considered as one of the starting materials for chlorophyll a biosynthesis [70] , and its synthesis is reliant on the activity of glutamine synthetase (GS, E.C.6.3.1.2) [71] . The glutamine synthetase activity was previously shown to be the limiting step of the photo-respiratory pathway [72] . In this study, GS activity was significantly lower in the N5 treatment than in the N4 treatment (0.33 µmol s −1 L −1 ± 0.01 for the N5 treatment when compared with 0.37 µmol s −1 L −1 ± 0.02 for the N4 treatment). This conclusion indicated that high N deposition (120 kg ha −1 year −1 ) resulted in a significant decline in GS activity. A significant reduction in GS activity led to a decrease in glutamate synthesis, which in turn resulted in a decline in chlorophyll a biosynthesis. Chlorophyll b is synthesized from chlorophyll a by the oxidation of a methyl group on the B ring of the latter molecule to a formyl group at that position [73, 74] . Thus, a significant reduction of chlorophyll a concentrations under high N deposition led to a decrease in concentrations of chlorophyll b. The above processes were supported by our findings, showing that significant reductions in chlorophyll a, chlorophyll b, and Pn were found under high-level N addition (Table 2, Figure 1a ). In line with numerous studies [40, 69, 75, 76] , Figure 3 revealed a positive relationship between the net photosynthetic rate and chlorophyll concentration. This finding further supported that photosynthetic capacity was reduced by declines in chlorophyll concentration.
Third, the increasing availability of N resulted in nutrient imbalances. Soil base cation competition was supported by a notable increase in the ratios of N/base cations (Table 1) . Further correlation analysis revealed a negative relationship between the net photosynthetic rate and the ratios of N/P (Figure 3) , which indicated that an increasing foliar N/P ratio may reduce photosynthetic capacity. In addition, NH 4 + uptake by the roots may have an antagonistic effect on the uptake of K + , Ca 2+ , and Mg 2+ [26] . Several studies have reported that foliar Ca and Mg concentrations play a vital role in regulating concentrations of chlorophyll and rubisco [19, 20, 30] . Consequently, reductions in foliar Ca and Mg concentration were always accompanied by decreases of net photosynthesis [24, 25, 77] . Manganese (Mn) is an essential mineral element for the normal growth and development of plants and plays a vital role in chlorophyll synthesis [78] . Several studies have reported that an adequate increment of manganese led to an increase in the growth and physiology of plants [79] . However, the structural breakdown of chloroplasts may occur under Mn deficiency conditions, and excessive Mn may result in severe reductions in net photosynthesis, chlorophyll concentration, and transpiration [80] . Soil acidification caused by excessive N input increased in foliar Mn concentration [81, 82] . Significant increases in foliar Mn concentration were also accompanied by notable decreases in foliar Mg concentration and remarkable increases in the foliar Mn/Mg ratio (Table 1) . Several studies have illustrated that increases in the foliar Mn concentration may decrease the binding capacity of Mg 2+ to rubisco, leading to an inhibition effect on rubisco activity [61, 83, 84] . Nakaji et al. (2001) also found that a foliar Mn/Mg ratio above a critical threshold decreased the specific rubisco activity of Pinus densiflora Siebold & Zucc. seedlings [61] . These inhibition effects on rubisco activity may induce reductions of the net photosynthetic rate. However, Figure 4 revealed a positive relationship between the net photosynthetic rate and foliar Mn concentration (p = 0.018) and Mn/Mg ratio (p = 0.183). This conclusion indicated that reductions in the net photosynthetic rate may not be due to increases in the foliar Mn concentration and Mn/Mg ratio. Our results may be attributed to the physiological responses of Cupressus lusitanica Mill. to Mn accumulation. So far, less is known about the effects of Mn accumulation on photosynthesis in Cupressus lusitanica Mill. Additionally, the critical threshold of the foliar Mn/Mg ratio in Cupressus lusitanica Mill. needs further exploration.
Conclusions
The present study examined the responses of foliar nutrient status, photosynthetic properties, and N metabolites to different-level N depositions in a Cupressus lusitanica Mill. plantation. The results showed that two years of N addition led to significant increases in foliar N, but no significant increases in K concentration. Concentrations of foliar P, Ca, and Mg showed marked increases under low and middle-N supply, while they notably decreased under high N deposition. Nitrogen addition also significantly increased the photosynthesis capacity under low-and middle-N supply. However, the photosynthetic parameters and chlorophyll concentration significantly declined at a high N deposition rate. Similar to the alterations of photosynthetic parameters, high N deposition resulted in a significant decline in N accumulation, mainly as soluble protein and free amino acid, while soluble protein and free amino acid markedly increased under low-and middle-N supply. This study further found that the reductions of photosynthetic capacity were correlated with increases of the foliar K concentration and foliar N/P ratio, and decreases of the foliar N, P, Ca, and Mg concentration; foliar Mn/Mg ratio; and free amino acid. Furthermore, a significantly positive relationship between the net photosynthesis rate and foliar Mn concentration was found. These findings suggest that excess N inputs can promote nutrient imbalances and inhibit the photosynthetic capacity of Cupressus lusitanica Mill., indicating that high N deposition could threaten plant growth in tropical forests in the future. Meanwhile, tracking the effects of high N deposition on the relationship between foliar Mn accumulation and photosynthesis in Cupressus lusitanica Mill. merits further study.
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